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Abstract (Introduction)
In blood purification therapy, contact between 
foreign particles and the blood can activate blood 
coagulation factors or platelets. Coagulation in 
the blood circuit has been reported even with the 
administration of anticoagulants1). Sites in the 
blood circuit noted as coagulation hotspots are 
the pillow, dialyzer, and arterial or venous air trap 
chamber. Coagulation in the blood circuit causes 
hematocrit levels in the patient’s remaining blood 
to decrease, whereas coagulation in the dialyzer 
reduces dialysis efficiency by shrinking the effec-
tive membrane area. Loss of blood when replacing 
the circuit may cause blood pressure to decrease 
further and reduce the quality of life of the patient 2).
The venous air trap chamber that is the focus 
of the present study traps air and clots in the blood 
and keeps them from entering the patient. Most 
blood circuits are custom made for each institu-
tion, and there are various types of chambers in 
clinical use with different design parameters, such 
as the blood inflow design, filter, and total length. 
Standardized criteria for hemodialysis circuits 
specify a chamber length of 110 to 150 mm and in-
ner diameter of 16 to 20 mm and a design that does 
not trigger backflow of blood to the pressure mon-
itor line during pressure fluctuations. Filters can 
be a mesh or cone type, and no studies have yet ex-
amined how this difference affects coagulation or 
clot trapping performance3, 4). We considered that 
improving the filter and blood inflow design to 
control eddy formation and pooling and reduce the 
duration of blood pooling could potentially reduce 
coagulation in the chamber. In the present study, a 
theoretical investigation of the effects of chamber 
design parameters on coagulation was performed 
using computational fluid dynamics (CFD), and 
the appropriateness of CFD analysis was evaluat-
ed through visualization of the flow using particle 
image velocimetry (PIV).
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I. Experimental methods
1. CFD analysis of venous air trap chambers
CFD analysis software (ANSYS CFX Ver.19.2, 
Cybernet Systems Co., Ltd.) was used to analyze 
four types of chambers created by combining hor-
izontal inflow or vertical inflow and the presence 
or absence of a cone-shaped filter. First, for the 
hemodialysis circuit chamber shown in Figure 
1(a) (NV-Y030PK, NIKKISO CO., LTD., hori-
zontal inflow, with a cone-shaped filter), we cre-
ated the model for analysis shown in Figure 1(b). 
Based on actual chamber measurements, the base 
of the model had an inner diameter of 19.4 mm 
and length of 118 mm, and the blood inlet had an 
inner diameter of 4 mm and length of 40 mm. The 
length of the transition part from the base to the 
blood outlet was set to 8 mm, and the blood outlet 
had an inner diameter of 4 mm and length of 40 
mm. As the filter, we created a model that faithful-
ly simulated ones in clinical use that was 25 mm 
long, with an inner diameter of 10 mm at the top 
and 19.4 mm at the bottom. Figure 1(c) shows a 
model with the filter in the Figure 1(b) model re-
moved. Next, for the hemodialysis circuit cham-
ber shown in Figure 2(a) (NK-D030P, NIKKISO 
CO., LTD., vertical inflow, with a cone-shaped fil-
ter), we created the model shown in Figure 2(b). 
The base had an inner diameter of 19.4 mm and 
length of 104 mm, the blood inlet had an inner 
diameter of 4 mm and length of 44 mm, and the 
blood inflow tube was inserted close to the cen-
ter of the chamber. The remaining dimensions for 
the transition part, blood outlet, filter, and other 
parts were the same as in the Figure 1(b) model. 
Figure 2(c) shows a model with the filter in the 
Figure 2(b) model removed. The type of analysis 
was steady-state analysis, and the inflow condition 
was water with a density ρ=997 kg/m3 and viscos-
ity μ=0.89 mPa・s flowing from the blood inlet at 
200 mL/min. For the blood outlet, a mean static 
pressure of 0 Pa was set as the outflow condition. 
To simplify analysis and prioritize establishing 
a basic analytical method, water was used in the 
chamber, and parts such as a pressure monitor line 
or liquid level control line that do not directly af-
fect flow in the chamber were not used.
2. Visualization of the flow in the chamber with 
particle image velocimetry
Visualization chambers were created with the 
same shapes as the models for analysis described 
above, and PIV was used to visualize the flow in 
the chamber. The chamber construction process 
is shown in Figure 3. First, as shown in Figure 
3(a), a longitudinal slit about 1/3 the length of 
(a) (b) (c)
Fig.1 Actual and analytical models of horizontal 
inflow venous air trap chamber
(a) Actual model
(b) Analytical model with a cone-shaped filter
(c) Analytical model without a cone-shaped filter
(a) (b) (c)
Fig.2 Actual and analytical models of vertical 
inflow venous air trap chamber
(a) Actual model
(b) Analytical model with a cone-shaped filter
(c) Analytical model without a cone-shaped filter
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the vertical inflow chamber with a filter was cut 
in the filter side, and the filter was removed. The 
cone-shaped filter was a milky white color that re-
flected a bright light when irradiated with a laser 
for visualization, making it difficult to clearly see 
the behavior of tracer particles around the filter. 
As shown in Figure 3(b), to minimize the effects 
of the reflected light, the filter was painted black. 
The black filter was then returned to the chamber 
and the slit glued shut to create a with a filter ver-
tical inflow visualization chamber. Using the same 
steps, the filter was removed and the slit glued shut 
to create a chamber without a filter. For the hori-
zontal inflow chamber, the tops of a horizontal in-
flow chamber and a vertical inflow chamber with a 
filter were cut off and swapped to create horizontal 
inflow chambers with a filter and without a filter.
The visualization system is shown in Figure 
4(a). As shown in Figure 4(b), the chamber was 
fixed in position inside a tank filled with water, 
and a roller pump of a hemodialysis device (DCS-
73, NIKKISO CO., LTD.) was used to circulate 
water mixed with tracer particles (Fillite 200-7 the 
average particle size <150 μm, Japan Fillite Co., 
Ltd.) through the circuit at a blood removal flow 
rate of 200 mL/min, recreating the flow within a 
chamber. The chamber was irradiated with laser 
sheet light (PIV Laser G5000, Wavelength=532 
nm, KATOKOKEN CO., LTD), and the behavior 
of the tracer particles in cross sections cut from the 
laser sheet was recorded with a high-speed camera 
(K-5, KATOKOKEN CO., LTD.). The video pa-
rameters were set to a frame rate of 1000 fps and 
shutter speed of 1/2000 s. Then, flow line graphs 
were created for the obtained image using fluid 
analysis software (Flow Expert 2D, KATOKO-
KEN CO., LTD.), and the flow velocity was ob-
tained from the flow line graphs.
II. Experimental and analytical results
Figure 5 shows diagrams of streamline ob-
tained from CFD analysis of the four types of 
models combining blood inflow design and the 
presence or absence of a filter. Figure 6 shows 
(b) Coloring of filter
Fig.3 Methods of removal and reattachment of 
cone-shaped filter
(a) Removal and reattachment of filter
(b) Experiment image
Fig.4 Flow visualization system by PIV
(a) Experimental system
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the flow line graphs obtained from visualization 
of the flow in chambers with the same shape as 
the CFD analysis models. In the vertical inflow 
chamber in Figures 5(a) and 6(a), high-velocity 
flow moves vertically from the blood inlet to the 
bottom of the chamber. The flow spreads out in 
the middle of the chamber where the flow channel 
widens suddenly and contacts the area from the 
top of the filter to the top center of the chamber. 
Only a tiny portion of the flow that contacts the 
top of the chamber passes through the filter and 
continues downstream, while a large portion flows 
back, creating eddies along the longitudinal axis. 
In the vertical inflow chamber without a filter in 
Figures 5(b) and 6(b), the lack of a filter means 
the incoming vertical inflow contacts the chamber 
bottom directly. Compared to the chamber hori-
zontal inflow chambers, larger eddies form on the 
longitudinal axis, creating pools. The flow line 
graphs in Figures 5(c) and (d) and Figures 6(c) 
and (d) for the horizontal inflow type blood inlet 
show that a fast inward flow from the inlet in the 
minor axis direction passes along the inner walls 
of the chamber, forming swirls. In the horizontal 
inflow chamber, new inflows and swirls of water 
hit each other near the inlet with or without the 
filter, forming relatively small, localized eddies. 
However, the pools and eddies that formed were 
(a) Vertical-inflow 
chamber with a filter
(b) Vertical-inflow 
chamber without a 
filter
(c) Horizontal-inflow 
chamber with a filter
(d) Horizontal-inflow 
chamber without a 
filter
Fig.5 Results of CFD analysis
(a) Vertical-inflow 
chamber with a filter
(b) Vertical inflow 
chamber without a 
filter
(c) Horizontal-inflow 
chamber with a filter
(d) Horizontal-inflow 
chamber without a 
filter
Fig.6 Results of flow visualization by PIV
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only localized, and the flow throughout the cham-
ber was relatively good.
III. Discussion 
Standardized criteria for hemodialysis circuits 
specify that the blood inflow design of air trap 
chambers must include a mechanism for reliably 
trapping air bubbles, regardless of whether the 
design is vertical or horizontal. Although coag-
ulation is thought to be significantly affected by 
hemodynamics3), almost no studies have tested the 
relative merits of different blood inflow designs 
from the perspective of suppressing coagulation. 
Moreover, whereas a filter to trap microaggregates 
is a requirement for venous air trap chambers, very 
little evidence has been obtained on the effects of 
filter shape on coagulation or the benefits of filters 
in trapping blood clots and foreign particles. Ac-
cordingly, users are left to decide for themselves 
what shape of filter to use.
In the present study, theoretical analysis by 
CFD and flow visualization by PIV were com-
bined to determine the hydrodynamic behavior of 
the flow inside the chamber and examine possi-
ble improvements to identify the optimal chamber 
shape for controlling coagulation. In our investi-
gations, horizontal inflow chambers formed fewer 
pools and eddies, and chamber-wide pooling did 
not occur, suggesting that this type may cause less 
coagulation than the vertical type. This finding 
supports the results of a study by Hori et al. in 
which microbubbles were used to visualize the 
flow in arterial and venous chambers5). Normally, 
venous air trap chambers are placed downstream 
of the dialyzer and are therefore mostly unaffect-
ed by pulses from the roller pump. Also, as the 
chamber capacity increases, more blood accumu-
lates, and pooling occurs more readily, accelerat-
ing coagulation. In contrast, in horizontal inflow 
chambers, swirls form continuously along the 
inner walls of the chamber, stirring the blood as 
it passes through the chamber. This results in less 
accumulation of blood in horizontal inflow cham-
bers and a higher capacity to suppress coagulation 
than vertical inflow chambers.
The blood clot formation process varies great-
ly with conditions such as velocity, flow channel 
length, and blood viscosity. As we were able to 
introduce CFD analysis to alter the design param-
eters that affect the flow field within the analytical 
software, we obtained flow visualization results 
and could combine them with theoretical results 
from CFD for a complex assessment, allowing 
us to clarify the flow behavior by identifying the 
velocity, vorticity distribution, stress distribution, 
and pooling areas. If we can use the methods we 
describe to quantitatively and individually assess 
the effects of each parameter on blood coagula-
tion, we can apply these methods to optimize not 
only chambers, but also various blood circuits 
used in extracorporeal circulation. 
In recent years, airless circuits have been in-
troduced to the market that aim to reduce blood 
coagulation with low priming volume that achieve 
approximately 95% less contact between blood 
and air compared to regular blood circuits for di-
alysis, potentially reducing the coagulant dosage 
needed6). Although this circuit has a cylindrical fil-
ter to trap microaggregates, as already pointed out, 
no studies have examined the effects of filter shape 
on coagulation or capacity to trap blood clots. In 
addition to chambers with cone-shaped filters, we 
are also currently working on assessing chambers 
with mesh filters using the same methods. With 
either type, the filter is a resistance component 
with respect to blood flow and can cause drifting, 
pooling, and eddies. The creation of a filter with 
less resistance to blood flow could potentially re-
duce instances of drifting, pooling, and eddy for-
mation considerably and, as a result, increase the 
capacity to suppress coagulation. Kitamoto et al. 
also point out that bubbles in blood act to boost 
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coagulation7). In the present study, the blood flow 
inlet was placed at the top of the chamber in all of 
the chamber variations. If we added the effects to 
reduce pooling shown by Yokomitsu et al., such 
as placing the blood flow inlet under the liquid 
level8) or adding another inlet in the middle of the 
chamber where blood pools, we may be able to 
propose a chamber shape that can reduce coagu-
lation further. 
IV. Conclusion 
Theoretical analysis by CFD and visualiza-
tion results from PIV can be used to clarify the 
differences in blood flow behavior with different 
designs of venous air trap chambers in a hemo-
dialysis circuit and make improvements to create 
the optimal chamber shape to suppress coagula-
tion. In the present study, a basic method for CFD 
analysis of chambers was established that could 
be used to perform theoretical analysis of models 
with different settings for design parameters such 
as blood inflow design and filter shape. This meth-
od can reduce costs and labor and make it possible 
to determine and experimentally test the optimal 
shape from a hydrodynamic perspective, enabling 
the development of a new chamber shape that can 
reduce coagulation.
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